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• Previous studies in this laboratory have shown that repeatedly bred male and female rats develop arteriosclerosis and myocardial scarring spontaneously. 1 " 8 Arteriosclerosis develops in the coronary arteries of these breeder rats and their hearts display valvular damage and lesions of the myocardium. The evidence of previous myocardial infarction usually consists of old healed scars in the myocardium observed at autopsy. The incidence of acute myocardial infarcts found at the time of autopsy is only eight per cent. Therefore, it has not been possible to study adequately the temporal relationship between myocardial infarction and coronary arteriosclerosis in rats.
Chappel and Eona et al. have shown that rats develop myoeardial infarct-like lesions when injected with the potent catecholamine, isoproterenol. 4^5 We have produced myocardial infarctoid necrosis in both nonarteriosclerotic virgin rats and in arteriosclerotic breeder rats using their technique. The acute, druginduced myocardial infarctoid lesions closely resemble the spontaneous infarcts seen in arteriosclerotie breeder rats, both grossly and microscopically. Therefore, we have initiated a study of the events which accompany coronary artery disease and the, development of myocardial infarct-like lesions in rats. This paper describes some of the histologie, enzymatic and adrenal hormone changes which take This work was done during the tenure of Advanced Research Fellowships from the American Heart Association.
Eeceived for publication March 17, 1963. place during drug-induced myocardial necrosis in virgin rats.
Methods
The rats used in this study were obtained from the Sprague-Dawley Farms, Madison, Wisconsin. The animals were matched so that the groups under comparison were equivalent in body weight. The male virgin and breeder rats weighed 350 ± 30 g and the female virgin and breeder rats 250 ± 20 g.
Preliminary studies were carried out to establish the dosage required to induce myocardial necrosis in virtually 100% of the animals, and to allow the survival of a high percentage of the animals for at least one week after the first injection. Isoproterenol* was injected subcutaneously in two equal doses spaced 24 hours apart on the first and second day of the experiment. The virgin animals received 50 mg/100 g body wt/injection. The breeder animals were given 25 mg/100 g body wt since breeder rats did not survive in sufficient numbers at higher doses. In this study, biochemical determinations were not carried out on breeder animals.
Each day for seven days equal numbers of male and female virgin animals were sacrificed by decapitation so that the various chemical and gravimetric analyses could be related in time to the onset and sequelae of necrosis. Comparable groups of untreated controls were sacrificed each day during the experiment. The treated animals sacrificed on the first two days of the study had received the injection of isoproterenol four hours previous to sacrifice. The experimental virgin animals consisted of 184 male and 184 female rats.
During the seven-day study on virgin animals, daily determinations were made of the following: Serum transaminases: (SGOT and SGKPT) Serum glutamic oxaloacetic and pyruvate transaminaae were determined by the ultraviolet spectrophotometric method of Wroblewski and Karmen et al. 7 
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Serum cholesterol: Total serum cholesterol was assayed coloriraetrically bv the method of Pearson et al. 10 Alpha-ketolic adrenal steroids: Aldosterone and cortieosterone, as well as total alpha-ketolic steroid production, were determined by in vitro methods. 11 Each adrenal steroid determination is reported as the mean value of five replicates ± the standard deviation of the mean. The determinations were carried out under conditions designed to evaluate the maximum functional reserve of the glands at the time of sacrifice. Specifically, each pool of tissue (ca. 100 mg) was preincubated one hour in Krebs-Ringer bicarbonate glucose. At the end of the first hour the incubation fluid was replaced and the incubation continued for four hours. ACTH (20 nj/ml) was added in 0.025 ml increments at the end of the first, second, and third hour. The steroids which accumulated in the medium during the four-hour incubation were extracted and determined as previously described. 11 For gravimetric analyses, the final body weight was recorded and the thymus, adrenal, heart, and kidney were quickly removed, trimmed free of extraneous tissue, and weighed on a Roller-Smith precision balance.
For histological studies, the liver and other organs were fixed in 10% buffered neutral formalin (Lilly). Frozen sections of adrenal glands were cut at 10 ix and stained for Hpids with Sudan black B and Sudan orange. These same lipid stains were used to detect lipids in the liver and in the heart. The remaining tissues were embedded in paraffin, cut at 3 fj., and stained with hcmatosylin and eosin. The hearts were also stained with the Hale stain to demonstrate mueopolysaceharides.
In order to establish some degree of quantitation so that biochemical changes could be related to the degree of severity of the infarct, the following scoring system was adopted for appraisal of the extent of mvocardial necrosis: We have confirmed the findings of Chappel and Kona 4 that the Sprague-Dawley rat is comparatively resistant to the myocardial necrosis-prod acing effects of isoproterenol. We also observed that the total area of the infarctoid necrosis is proportional to the dose of the drug employed, and to the body weight of the animal. We have been able to produce myocardial necrosis consistently in virgin Sprague-Dawley rats by increasing the dose of isoproterenol to 50 mg/100 g body "wt.
During our preliminary investigations to establish an optimum necrosis-producing dose of isoproterenol in virgin Sprague-Dawley rats, we were impressed with the lack of signs shown by these animals at dose levels up to 25 mg/100 g body wt which Chappel and Rona et al. * " 6 reported would cause 90% mortality in Wistar rats. At doses of 25 mg/ 100 g body wt and upward, the Sprague-Dawley rats used in our (study began to show outward symptoms of shock, as well as beginning STOSS evidence of myocardial necrosis at autonsv. Althousrh these animals conld tolerate much more than 50 mg/100 g bodv wt, we found that lararer doses produced tissue necrosis at the site of injection. A dose of 50 me/ 100 s in virsrin rats assured virtually 100% production of mvocardial necrosis errosslv and survival of all the females and 80% of the males for at least one week after injection. One hour after receiving the injection of isoproterenol, the animals became prostrate and stut>orous. Their respirations were irregular and of the abdominal type and they breathed deeply with their mouths wide onen. The heart beat could be felt very strongly at first but within an hour it became very rapid and difficult to detect. During this stage frothy epistaxis was copious in some but not in all of the animals. Pulmonary edema and severe hydrothorax occurred in all of the rats. The thorax was cleared of fluid much earlier in the female rats (table 2) . Although the animals eventually recovered from these symptoms by the end of the day, they did not
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FIGURE 1
Early hemorrhagic infarct (black area surrounded by arrmvs) which appeared spontaneously (Score -hi) in a male Sprague-Dawley breeder rat (bred four times). resume their normal activity and moved about slowly. After receiving the second dose on the following day, the animals displayed the same signs of prostration, dyspnea, tachycardia, and epistaxis.
When the arteriosclerotic breeder rats were challenged with the same dose of isoproterenol given to virgin rats (50 mg/100 g body wt), all of the breeder rats succumbed 8 to 12 hours after injection. However, in spite of the high mortality rate, they did not display any of the signs shown by the nonarterioselerotic virgin rats. The dose of isoproterenol had to be reduced by 50% for the breeder rats in order to achieve comparable survival and a degree of necrosis similar to that produced in virgin rats with a dose of 50 mg/100 g body wt. Even at this lower dose of isoproterenol, the breeder rats did not display any of the signs of the myocardial shock syndrome shown by virgin rats.
The morphology and distribution of the
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Massive myocardial infarct (white area surrounded by arrows) in a repeatedly bred male rat (Score +10).
isoproterenol-induced infarct-like lesions were alike in the arteriosclerotic breeder and nonarteriosclerotic virgin rats. Further, and more important, the acute drug-induced lesions bore striking resemblance, grossly and microscopically, to the acute, spontaneous myocardial lesions encountered in breeders (figs. [1] [2] [3] [4] . Autopsy of virgin and breeder rats at various intervals after the initial injection with isoproterenol demonstrated the following sequence of events: (1) the myocardium first showed an abnormal blanching and dryness;
(2) this was followed by the appearance of soft, blotchy, red-purple areas of hemorrhage Isoproterenol-induced myocardial hemorrhage (dark grey area surrounded by arrows) in a male virgin rat, (Score +1).
left ventricle began to display evidence of necrosis, followed by the same events in the right ventricle. In eases of massive myocardial necrosis, areas of splotchy necrosis also appeared, including involvement of the atria. Mural thrombi were not encountered during the entire period of these studies. Microscopically, the areas of necrosis were found to be quite diffuse and to involve large portions of the myocardium ( fig. 6 ). Subendocardial necrosis was found in practically all cases. However, necrosis was generalized, frequently involving the entire ventricle, and was not confined to any one layer or area of the myocardium. The pathogenesis of myocardial necrosis followed a typical pattern of development wherever it occurred in the myocardium. The muscle became segregated into bundles with marked swelling of individual fibers. Nuclear detail became indistinct, crossstriations disappeared and the muscle fibers disintegrated into a granular material which Isoprolerenol-mduced infarctoid necrosis in a viale virgin rat. Massive necrosis (white area surrounded by arrows) involves apex, ventricle, and atria (Score +10). Thi3 drug-induced lesion is almost identical to the spontaneous lesions shown in figure   2 .
was intensely eosinophilic. In addition to hyaline necrosis of the muscle fibers, there was considerable edema within the area of necrosis. The edema and necrosis were most pronounced in the left ventricle with a heavy infiltration of leukocytes and mononuclear cells. The leukocytic elements were most prevalent with relatively few histiocytes and fibroblasts present. Marked capillary dilatation occurred about the infaretoid sites, accompanied by intense accumulation of acid mucopolysaccharides ( fig. 7 ) (as demonstrated by the Hale stain) and scattered droplets of lipid. These changes were particularly prominent in the left ventricle and began to recede as soon as the repair process began.
The rate of repair of the inf arct-like areas was rapid in both breeder and virgin rats, but was significantly slower in males than in females. The edema, the small amount of
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FIGURE S
Early apical myocardial necrosis (edematous, palestaining areas with white blood cells) around coronary artery of a female rat injected toith isoproterenol. H&E, X 90. lipid, the mucopolysaccharide, and the capillary dilatation disappeared within one to two days in the female, but only after three to four days in the male. These latter events were commensurate with the disappearance of dense populations of leukocytes. Despite the proportionately small number of histiocytes, there was little or no evidence of remaining myocardial debris by four to five days in the female and after the seventh day in the male. As the leukocytes cleared, there was some increase in the number of fibroblastic elements. When the repair process became quiescent, there was little evidence of the remains of the myocardial damage except for an occasional small scar which persisted.
There was no evidence of coronary artery involvement in the virgin rats. Infarcts induced with isoproterenol in breeder rats with pre-existing systemic and coronary arterioscle- Massive myocardial necrosis in a female virgin rat, two days after injection of isoproterenol. Note that the distribution of necrosis is patchy and involves the apex and epimyo-and endocardia! layers of the heart. The light-staining areas are islands of surviving heart muscle. The numerous black-staining bodies are white blood cell elements which infiltrate the necrotic areas of the myocardium. H&E, X 65.
rosis showed no evidence of added coronary artery involvement. Also, the usual repair processes were not impaired.
B. TIMED SEQUENCE STUDIES OF EVENTS ACCOMPANYING ISOPROTERENOL-INDUCED MYOCARDIAL INFARCTOID NECROSIS
The daily sacrifice of animals after the initial injection of isoproterenol provided an opportunity to study gravimetric as well as biochemical changes during the shock and post-infarctoid stages of myocardial damage. The following parameters were correlated with the onset and recovery from the myocardial damage:
(1) Thymuj and Adrenal Glands
The thymi were found to be greatly hypertrophied within four hours after the first in- Accumulation of mucopolysaccharide ground substance (dark black-stained material) in areas of repair. Some lipid material is present in association with the polysaccharide. The heavy concentrations of polysaccharide promptly disappear if good repair is effected. Hale stain, X 140. jection of isoproterenol. The thymi completely filled the superior mediastinum, compressing the surrounding organs. The enlarged thymi had a watery or gelatinous appearance. On the second and subsequent days, the thynii underwent rapid involution (table 1 and fig.  8 ). The hypertrophy and subsequent atrophy of the thymus occurred in both male and female rats. The adrenal glands became greatly hypertrophied, reaching a peak weight when the thymi were most severely involuted (table 1 and fig. 8 ). The most severe adrenal hj r pertrophy and tlrymic involution occurred during the acute establishment of the myoeardial damage.
(2) Heart and Kidnoy
The hearts became heavier and were obviously enlarged during the active stage of the myoeardial necrosis, reaching a peak on the third day, diminishing in size each day during the repair phase (table 1).
(3) Sorum Transaminaies (SOOT and SOPT)
The SGOT and SGPT levels began to rise on the first day and reach peak values by the second day, during the acute phase of the necrosis (table 2 and figs. 9 and 10). The levels began to fall just prior to the third day when the neerotie areas became grossly visible as discolored yellow areas in the myocardium. The maximum rise in SGOT -was 220% in the female, as compared to 180% in the male (figs. 9 aud 10).
Effects of Isoproterenol on Body and Organ Weights of Male and Female Sprague-Dawley Rats During the
(4) Serum Lactic Dahydrogenaie (LDH)
The levels of LDH followed the same pattern as exhibited by the serum transaminases during the acute onset of the lesion (table 2 and figs. 9 and 10). However, in the case of the male rats the LDH level fell precipitously below normal after the initial rise and then returned toward normal levels by the seventh day ( fig. 9 ).
(5) Serum Cholesterol
The 40% increase in serum cholesterol levels on the second day in the male rats was interesting. However, the cholesterol levels subsequently remained normal or subnormal and gave little indication of the pathodynamic changes taking place during the acute or repair phases of the myocardial damage (table 2 and figs. 9 and 10). 
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Changes in adrenal atid thymus weight in virgin male and female Sprague-Dmcley rats during and after the induction of infarctoid myocardud necrosis with isoproterenol.
steroid production are normalized to a base of 100 mg of glandular tissue to facilitate day by day comparisons. The corresponding adrenal weights are also given so that total steroid production can be calculated. As is apparent 
Course of Development and Repair of Myocardial Infarct-like Lesions
NECROSIS '///////////s//////. .
Injection o SGOT • SGPT A LOH x CHOLESTEROL
NECROSIS Y////////////S/// Injection
too-1 FIGURE 9
Isoproterenol-induced myocardial necrosis in male (virgin) Sprague-Datvley rats: Changes in serum SGOT, SGPT, LDS, and cholesterol.
from the data in these figures, the total production was a function of the efficiency of the adrenal tissue/unit weight as well as the total weight of the tissues. Both parameters varied significantly during the experiment. The changes were similar in both sexes.
On the first day the production of corticosteroids/unit weight was far below control values for both males and females. By the third day, normalized production approached control values but total steroid production had increased accompanied by adrenal gland hypertrophy. Subsequently, total steroid production decreased and approached control values. This was accompanied by a marked decrease in adrenal gland size. Finally, by the seventh day corticoid production, or the efficiency of corticoid production per unit weight of adrenal gland in both sexes became significantly greater than that of the controls (see Discussion).
Under the experimental conditions used in these experiments, the adrenals of control fe-°- male rats will produce aldosterone in vitro at a level of 10% to 12% of the total alphaketolic steroids. In figure 13 it can be seen that the per cent of aldosterone initially increased and became significantly elevated in the experimental female rats, reaching a maximum of 28% of the total steroid on the third day. During the latter days of the experiment the per cent of aldosterone to total steroid returned to control values. In general, the per cent of cortieosterone relative to total steroids varied inversely to aldosterone values. The details of the changes in the spectrum of corticosteroids will be the subject of a separate report.
Finally, the adrenal cortices of the rats with infarctoid necrosis showed significant lipid depletion during the entire seven day period of this experiment. The zona glomerulosa, in particular, became depleted of lipid Adrenal weight and the rate of in vitro steroid production during and after the induction of infarctoid myocardial necrosis in male Sprague-Dawley rats.
Mean standard deviation 25.0
FIGURE 12
Adrenal weight and the rate of in vitro steroid production during and after the induction of infarctoid myocardial necrosis in female Sprague-Dawley rats. within four hours after the first injection of isoproterenol and remained in this depleted state during the entire period described.
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Correlation of Severity of Myocardial Necrosis and Hydrothorax with Changes in Serum Enzymes and Cholesterol
Discussion
It is noteworthy that a close resemblance was observed between the acute drug-induced myocardial lesions in rats with healthy arteries and the acute spontaneous lesions which develop in arterioselerotie rats. These studies have suggested that future investigations of drug-induced infarctoid necrosis in arterioselerotie breeder rats will provide a means for determining experimentally how pre-existing arteriosclerosis affects or contributes to the final outcome of myocardial damage. In this connection, it is interesting that the breeder rats showed an increased sensitivity to the myocardial necrosis-producing effects of isoproterenol. Despite the fact that arteriosclerotic breeder rats developed myocardial lesions with greater facility, they did not develop the outward symptoms of shock shown by virgin rats. Perhaps pre-existing cardiac compensation in arterioselerotie breeders modified the severity of the shock syndrome.*
The signs of shock displayed by the virgin rats resemble those of acute niyocardial shock in the human, i.e., dyspnea, congestive failure, *Isoproterenol, in low doses, has an inotropic effect and has been used to restore normal hemodynamics in cases of complete heart block." Isoproterenol has also been known to cause palpitation, precordial ache or anginal pain in patients." and hemoconcentration. The serum transaminases (SGOT and SGPT) and LDH changes also resemble the clinical pattern seen in myocardial infarction. The rise and fall in SGOT and LDH appeared to be the most sensitive itidex of the onset and repair of the myocardial damage. This is also in keeping with clinical experience. 14 The pathogenesis and repair of the experimentally produced myocardial lesions in these rats is reminiscent of the classical description of human myocardial infarction as set forth by Mallory et al. 15 A distinct feature of the experimental lesions is the appearanee of acid mucopolysaecharide in the myocardial ground substance in areas of active repair. Also, in keeping with the higher mortality rate among males, their hearts showed much more extensive myocardial involvement (see scoring system, table 2) and a delayed repair of the damaged areas. In contrast, the dramatic fluc-Circtdation Research, Vohtmt XIII, Auguit lttS tuations in adrenal function and serum enzymes were similar in both sexes. In considering the relatively rapid sequence of events during and after myocardial destruction, it shxrald be kept in mind that the metabolic rate of rats is higher than that of man and that the various events described would probably be accelerated in the rat.
The massive areas of necrosis which occurred in the virgin rats were not accompanied by coronary artery lesions. Since no evidence of coronary thrombosis or any other compromise of arterial flow could be demonstrated, we have refrained from calling these lesions "myocardial infarcts." The histological, physiological, and endocrinological events which accompany this type of myocardial damage resemble the events taking place during myocardial infarction in man. It is hoped that future investigations concerning the pathogenesis of myocardial infarction will help clarify this point. In this connection, Handforth 10 has shown that isoproterenol produced a severe local ischemia before myocardial necrosis could be detected. Eventually, the necrosis appeared in precisely the areas in which the first signs of ischemia were noted. Handforth expressed the opinion that the ischemia was produced by coronary constriction and that the myocardial lesions produced by isoproterenol represented true infarcts. 10 In this connection, it should be emphasized in this study that mural thrombi were not found in the hearts of animals with severe infarctoid necrosis. Chappel and Rona et al.*" 6 and Norman et al. 1T have reported similar negative findings.
Of particular interest to us are the changes in the adrenal gland which we feel are significantly related to the onset and final outcome of the shock syndrome and possibly to the progression of the myoeardial lesions itself. The dynamic adrenal hypertrophy and thymic involution are both indicative of an intense activation of the adrenal cortex, This further borne out by the in vitro steroid production studies of these adrenal glands.
It is apparent that the changes observed in the in vitro adrenal function of isoproterenol -treated rats are related in time to events associated with the acute stages of myocardial damage. The data are interpreted to indicate that a state of adrenal hyperactivity existed during the early stages of the development of the myocardial lesion. This view is supported by the evidence of adrenal hypertrophy and low functional reserve as measured by the in vitro response of the glands to maximally challenging doses of ACTH. AS would be expected, functional reserve and adrenal weight returned toward normal values during the repair phase. The rise in aldosterone production could be construed as a mechanism by which the adrenal glands tend to restore vascular volume and compensate for the disturbances in fluid balance observed in the acute phases of myocardial damage. The histological demonstration of lipid depletion from the zona glomerulosa of the adrenal glands is in keeping with the increased aldosterone production.
Summary
Acute infaretoid myocardial necrosis has been produced in virgin rats by injection of isoproterenol. The lesions are essentially identical, both grossly and microscopically, with naturally occurring acute infarcts which we have observed in arteriosclerotic breeder rats.
During the establishment of drug-induced necrosis the animals displayed signs of shock and congestive heart failure. Serum transaminases and lactic dehydrogenase levels underwent changes which coincided with the establishment and repair of the myocardial damage. The male rats had a higher mortality rate than the females. The male rats also developed more massive myoeardial necrosis and showed a decreased capacity to repair myocardial damage. The adrenal glands became greatly hypertrophied and the thymus became severely involuted coincident with the acute establishment of the myocardial lesion. In vitro stndies indicated that changes in adrenal function also accompanied the acute onset of
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